The methods of microgeometry formation for the surface of temper mills rolls are presented providing the required roughness of the cold rolled strip. It was established that with the electroerosion processing a more uniform structure is formed on the roll surface with a smoothly changing microrelief, compared with the mechanical action of the abrasive. The most effective abrasive for the microrelief formation on the rolls surface is cast and split steel shot. The process of interaction predominantly occurs with a round-shaped shot, since the sharp edges of the split shot also become blunt during the process. In the present work, the microdepression of the roll is approximated by a spherical shape. A model of roll roughness transfer to the strip was developed taking into account the type of roll processing and tempering conditions, which makes it possible to evaluate the degree of filling of a single microdepression relief at known pressures at contact of the strip with the roller, friction coefficient, roll roughness parameters and tempering modes. A quantitative estimation of reproduction of the roll roughness on the tempered strip was obtained, characterized by the roughness ratio, which is the ratio of the depth of the metal flow into the strip microdepression to the depth of the roll spherical microdepression. Determination of the dimensionless pressure requiring the flowing of a deformable metal into it was performed using the superposition method for meridian sections in two mutually perpendicular planes. The reproduction dependencies of the micro-geometry of a temper mill roll on a rolled strip on the shot size, tension, and the height parameter of roughness are presented during the tempering of stripes with various thickness, which can be used to simulate the transfer of the roll micro-relief to the rolled strip.
RELEVANCE
Currently, the requirements of domestic and foreign automotive enterprises (Renaul, AVTOVAZ, Mercedes Benz, BMW, Audi, Volkswagen) for microgeometry of the sheet surface have been tightened. Microgeometry of the surface of the cold rolled strip substantially depends on the microgeometry of the surface of the work rolls of the tempering mills [1] [2] [3] [4] [5] [6] . Therefore, the problem of the formation of roughness on the surface of the mill rolls of the tempering mills and its transfer to the surface of the cold rolled strip are very relevant.
Of all the methods for forming microgeometry of the surface of the rolls of temper mills that provide the required oil absorption power of the rough surfaces of the cold rolled strip during stamping of parts, two methods are most widely used: electroerosive and shot-blasting [7] [8] [9] [10] [11] [12] [13] . Electroerosive texturing (ERT) of the surface of the mill rolls used on a temper mill is characterized by lower productivity, but better roughness in terms of height and step parameters, and is mainly used for front car body parts [11] [12] [13] [14] .
Shot blasting (SB) is characterized by high productivity and is therefore used to form a microrelief on the surface of mill rolls of temper mills to obtain the required roughness of the automobile sheet from which unfaced parts are made: thresholds, sidewalls, tail panels, central racks, door frames, inner panels of doors, bonnet and boot lid [15] [16] [17] [18] .
To date, the most effective abrasive for surface treatment of rolls are cast and split steel shot [19] . A cast shot has a round shape ( Fig. 1a) . A split shot is characterized by the presence of sharp edges, which become dull during operation, and a working mixture is formed, which is 80-85% composed of roundshaped particles (Fig. 1b) .
Thus, in the SB process, the microrelief of the working surfaces of the rolls is formed mainly as a result of their interaction with a round-shaped shot, which makes it possible to approximate the microdepressions of the roll surface incised by the shot with a spherical surface.
In the process of temper rolling a cold rolled strip, the microrelief of the rolls is reproduced on it as a result of the partial or complete filling of the microdepths of the surface of the roll with a deformed metal.
The objective of this work is to predict the microrelief printability of the surface of a mill roll on a tempered strip at known pressures at the contact of the strip with the roll, friction coefficient, and temper rolling modes.
METHODS
A quantitative assessment of the reproduction of the roll roughness in the tempered strip is determined by the roughnessratio K, which is the ratio of the depth y k of the metal flowed into the microdepression of the strip to the depth l of the spherical microdepression of the roll (Fig. 2) .
The solution of the plane problem for the meridional section of a depression modeled by a sphere by determination of dimensionless pressure P av /σ s necessary for flowing of deformable metal into it, taking into account [19] , has the form:
where x k is the final value of the x coordinate of the metal flowed into the meridional section of the depression; d is the diameter of the imprint of the shot on the surface of the roll; h is the thickness of the tempered strip.
There is a relationship between the parameters x k and y k :
where l is the depth of the microdepression on the surface of the roll; y k is the final value of the y coordinate of the metal flowed into the meridional section of the depression.
Applying the superposition method to processes occurring in mutually perpendicular planes, substituting the value x k into equation (1) and taking into account that y k /l = K, we transform equation (1) to the following form:
The resulting equation is transcendental with respect to the roughnessratio K.
The solution is carried out by an approximate method. Expanding the functions ln and arcsin in series and holding only the first terms, we obtain (4) Solving the obtained equation with respect to the roughnessratio, we obtain the reduced quadratic equation: (5) where From expression (5) we have only one positive root: Dimensionless pressure P av /σ s influencing the rolls of the temper mill without taking into account their roughness, we define according to the dependence [8] (7) where σ s is the average value of the yield strength of the tempered metal; σ 1 is the average value of the strip tension; μ is the coefficient of friction between the roll and the tempered metal; L is the contact length of the tempered strip with the roll; h 0 is the thickness of the tempered strip at the entrance; ε is the degree of deformation. Equation (7) is valid under the assumption that the neutral cross section is in the middle of the contact arc, and the thickness of the rolled strip from it to the plane of exit from the deformation zone does not change. Due to the nature of the metal temper rolling process, such assumptions are reasonable.
As applied to the process of "dry" temper rolling, which is realized at large (up to μ = 0.5) friction coefficients, the contact length of the tempered metal with the roller according to the studies [18, 19] is determined by the relationship: (8) where D r is the diameter of the work roll.
A feature of the metal temper rolling process is that the reproduction of the rough surface of the roll on the rough surface of the strip is realized within their rough layers and the "foundation" on which they are located. Taking into account that the bearing capacity of rough layers when approaching is determined by their support surfaces, the pattern of change of which depends on the degree of participation of microroughnesses, we concede the possibility of using their average integral values [16] , characterizing the relative amount of material in the rough layer.
Convergence of rough surfaces of the roll and the tempered strip leads to the appearance of a common support surface of the rough layers. We assume that the total support surface is determined by the relation (9) where q 1 and q 2 are the relative amount of material in the rough layers of the roll and strip [7] .
Values of the parameter q 1 for various types of machining of the working surfaces of the rolls of temper mills are presented below (the numerator and The values of q 1 presented for electroerosive texturing are given for comparing the formed support surfaces during transfer to the tempered strip. The parameter q 2 , which characterizes the amount of metal in the rough layer of the strip when it is rolled with grinding rolls, is 0.43-0.59, depending on the state of the working surfaces of the mill rolls. Lesser values correspond to the surface roughness of the strip rolled by worn rolls.
The actual contact pressure of rough surfaces in the deformation zone is (10) Given the expressions (9) and (10), the dimensionless pressure of the metal on the rolls of the temper mill is written as follows: (11) Thus, equation (6), taking into account dependencies (7) , (8) , (11) , allows calculating the roughnessratio for various conditions of metal temper rolling by rolls treated with a shot. Figure 3 shows the dependence of the reproduction of the microgeometry of the roll of the temper mill on the rolled strip on various factors.
RESULTS AND DISCUSSION
Analysis of the results shows that the greatest influence on the roughnessratio is exerted by tension, with a four-fold increase in which the roughnessratio decreases by 38.5% regardless of the strip thickness. The shot fraction has a negligible effect on the printability coefficient. When the shot size is increased by 3.3 times, the roughnessratio decreases by 8%.
With a decrease in strip thickness by 5.3 times, the roughnessratio on the deformed strip increases by 2.6 times. Accordingly, the most fully microrelief of the roll is reproduced on a strip with a thickness of 0.6 mm. The obtained theoretical results are compared with the experimental data taken at PJSC MMK in LPTS-5.
The experimental values of microrelief reproduction vary in the range of 0.60-0.78 during the temper rolling of a thin strip. The discrepancy between the calculated values and the experimental data is in the range of 7-17%, which allows us to conclude that the calculated model is adequate and that the assumptions made are possible.
CONCLUSIONS
The obtained dependences make it possible to control the roughness in the tempered strip and can be used to model the process of formation of microgeometry in the strip. 
